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Abstract

Ontogeny is expected to be a determinant factor affecting production of colour patches in lizards, while immune challenges
or sudden weight loss may impair the maintenance of pigment-based coloration within a breeding season. We translocated
males of the lizard Psammodromus algirus between two sampling plots that differed in distance to a road, vegetation structure,
and predator abundance. We analysed variation in spectral reflectance of their colour patches the same and the following
year. The change in the reflectance of the lizard colour patches within the first breeding season was explained by the interac-
tion between plot and treatment, but not body condition. The maintenance of the breeding coloration was impaired only in
those males translocated close to the road, probably reflecting that it is a poor-quality habitat for P. algirus. The following
year, lizards that produced a more elaborate coloration were those that increased their body condition and controlled some
parasitic infections, although suffered an increase of others. This study shows that colour patch production is plastic in P.
algirus. Lizards increasing parasites or losing weight reduced pigmentation, although habitat quality can cushion these
negative effects on pigmentation. However, not all parasites constrain the investment in coloration. In fact, some increased
in those lizards that allocated more pigments to colour patches. In conclusion, longitudinal studies following experimental
manipulation can contribute to understand pigment allocation rules in lizards.

Significance statement

Pigments involved in colour patches of animals are limiting resources that can be reallocated off the skin to other func-
tions. However, longitudinal evidence of this phenomenon is scarce in reptiles. We designed a manipulative mark-recapture
experiment to investigate effects of habitat and parasitic infections on colour patch maintenance (within-year variation) and
production (between-year variation) in male free-ranging lizards that were reciprocally translocated between two patches
of habitat that differed in quality. During the first year, lizards translocated to the habitat with more predators and worse
vegetation impoverished their coloration, while lizards translocated to the more favourable habitat maintained it despite all
translocated lizards loose body condition. The next year we detected different effects on the coloration of three different
parasites investigated, suggesting that coloration can reflect the virulence of the infections.

Keywords Environmental quality - Immunological ecology - Multiple infections - Psammodromus algirus - Reproductive
effort - Road-effect zone

Introduction

Honesty of visual signals is a central concept in sexual selec-
tion theory. It stems from the dual properties of carotenoids,
(i) contributing as pigments to animal coloration, and (ii) as
antioxidants, which can be reallocated off colour patches
to assist in immune response (Alonso-Alvarez et al., 2008;
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(Cantarero and Alonso-Alvarez 2017). These characteristics
explain why carotenoid-based colour patches have received
massive attention as indicators of good individual quality
(e.g., Mgller et al. 2000; Hill and Hill 2002; Olsson et al.
2013). However, some animals, including many lizards, can
express nuptial coloration derived from other pigment fami-
lies that can be synthesised endogenously. This is the case
for pterins and melanins (Cuervo et al. 2016; Megia-Palma
et al. 2018a; Merkling et al. 2018). For these species, col-
our patch expression is expected to be cheaper compared to
carotenoid-based patches (Johnson and Fuller 2015). None-
theless, a combination of these three pigment families usu-
ally produces colour patches in lizards rather than separate
pigments alone (Andrade et al. 2019; Megia-Palma et al.
2021).

Pterins are pigments present in yellow, orange, and red
colour patches of lizards (Weiss et al. 2012; Cuervo et al.
2016; Andrade et al. 2019; Megia-Palma et al. 2021), while
melanins participate in black, brown, and blue patches
(Megia-Palma et al. 2018a). Recent investigations suggest
that pterins and melanins are also reallocated off colour
patches when lizards are immunologically challenged (Lla-
nos-Garrido et al. 2017; Megia-Palma et al. 2018b). This
trade-off supports the dual activity of these molecules as
both pigments and antioxidants in living systems (McGraw
2005), and increases the suspicion that pterin and melanin
synthesis are also costly processes that may be constrained
by the energy budget of the bearer of the colour patch. In
compliance with this trade-off hypothesis, environmental
variables such as temperature, food availability, abundance
of conspecifics, or sources of stress can influence pigment
allocation rules in lizards (Fitze et al. 2009; Cote et al. 2010;
Mifiano et al. 2021; Mas6 et al. 2022). Complementarily,
other cost-benefit models can also influence the evolution
of colour patches of animals, namely photoprotection ver-
sus thermoregulation and crypsis versus conspicuousness
(Mgller 1989; Tibbetts and Dale 2004; Reguera et al. 2014,
Diaz et al. 2017).

One sexual selection hypothesis relying on the honesty
of visual signals connects pigment concentration in colour
patches with parasite infection status of hosts (i.e., parasite-
mediated selection hypothesis; Hamilton and Zuk 1982).
Individuals in better nutritional state and with lower abun-
dance, or lower proportion of certain parasites in relation to
others, may afford greater allocation of pigments to colour
patches (Mougeot et al. 2009; Biard et al. 2010). Therefore,
this hypothesis proposes that host resistance to parasites can
evolve through sexual selection operating over secondary
sexual traits that (i) depend on the nutritional status of the
individual and (ii) honestly signal resistance to parasites
(Hamilton and Zuk 1982). It comes with no surprise that
animals in the wild can be infected simultaneously by dif-
ferent parasite species that may differ in their virulence (Del
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Cerro et al. 2010; Johansen et al. 2019). Fighting off more
virulent parasites may provoke trade-offs in pigment alloca-
tion to colour patches (Megia-Palma et al. 2018c). Nonethe-
less, assuming the primary importance of devoting resources
to reproduction, pigment allocation to colour patches may
be prioritised over assisting immune response against some
parasites in individuals with good nutritional status (Folstad
et al. 1994; Johansen et al. 2019). In addition, individuals
may downregulate reproductive effort influenced by meta-
bolic traumas (e.g., immune challenges, sudden loss of body
mass, and/or adverse environmental conditions) that augur
poor reproductive output during current reproductive season
(Shine and Schwarzkopf 1992; Jgrgensen et al. 2006). Under
this circumstance, some parasites may benefit from host’s
trade-offs in resource allocation and increase their inten-
sity of infection in individuals allocating more resources to
reproduction (Nordling et al. 1998; Knowles et al. 2009).
Indeed, this latter hypothesis might explain why 58% of the
published relationships between colour patch expression and
parasite infection in lizards contradict the parasite-mediated
selection hypothesis (see Megia-Palma et al. 2021).

We previously reported the negative effect on body condi-
tion of the translocation of males of Psammodromus algirus
(Lacertidae: Gallotini) within a matrix of habitat (Barrientos
and Megia-Palma et al. 2021). Here, we analyse the spec-
tral variation of orange, yellow, and blue patches and the
abundance of parasite infections of these same individuals
at recapture both within the same and the following year.
We will test the hypothesis of whether allocation of pig-
ments to the nuptial coloration of P. algirus concords with
trade-offs expected in lizards between body condition and
defense against infections (Cote et al. 2008). We predict
that (i) translocated males will exhibit a reduction of the
pigmentation of orange and yellow patches during the first
year influenced by the loose of body condition suffered after
translocation (Barrientos and Megia-Palma et al. 2021),
although (ii) those translocated to a habitat patch with better
environmental quality might cushion these negative effects
on pigmentation (Sumasgutner et al. 2018). (iii) We will
also explore the effects of the translocation treatment on the
coloration of the lizards recaptured one year later. According
to the predictions of the Resource Allocation Theory (Beil-
harz et al. 1993), we expect that the lizards’ body condition
and parasite load would influence the production of colour
patches.

Material and methods
Study system

We studied the Algerian sand racer, P. algirus (adult snout-
vent length range in the sample =59-79 mm). This species
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is a precise thermoregulator and has generalist habitat
occupancy in the Iberian Peninsula and North of Africa
(Diaz 1997; Llanos-Garrido et al. 2021). The sampling
area was Monte de El Pardo, in Madrid, Spain (40.5063°N,
3.7662°W; ~ 680 m above sea level). This is a seminatural
and heterogeneous matrix of evergreen forest dominated
by holm-oak trees (Quercus ilex) and gum rockrose bushes
(Cistus ladanifer). It has a sandy substrate that resulted
from the erosion of granite rock. This locality falls within
the Mesomediterranean bioclimatic region, which is char-
acterised by contrasting seasons (Rivas-Martinez et al.
2017). Thus, Monte de El Pardo has temperate and rainy
springs (average 15.0 °C; 54 mm) with hot and dry summers
(23.4 °C; 15 mm) (Diaz et al. 2006).

Sampling

We looked for lizards in sunny days between 9:30 a.m. and
7:30 p.m. by haphazardly walking throughout two sampling
plots. One sampling plot was an area of 6.6 ha ranging
between 0 and 150 m from a road (9,050 vehicles/day) (aka,
low-quality plot), while the second plot was an area of 7.9 ha
ranging between 350 and 550 m from the same road (aka,
high-quality plot). This left a 200-m band between both sam-
pling plots (Barrientos and Megia-Palma 2021). The size
of the smallest of our sampling plots exceeded by approxi-
mately 75 times the maximum home range size described
for the species, which is 0.09 ha (Diaz 1993).

Vegetation cover and structure

To investigate the vegetation structure of the two sampling
plots, we performed 40 vegetation transects, each of 10-m
long, in every sampling plot and in a single sampling event
following Carrascal et al. (1989). Lizards are very abundant
in this habitat system, and they can forage for long periods
in the shadow (e.g., inside bushes) (Belliure et al. 1996).
Thus, the vegetation transects performed are representative
of microhabitats occupied by P. algirus. Each one of these
40 transects consisted of ten replicates of vegetation meas-
urements that were performed every 1 m (N =_800 points).
Every replicate had an approximate radius of 50 cm (Car-
rascal et al. 1989). In each one of these plots, we quantified
the percentage of gramineous, bush, tree, and ground level
vegetation covers, as well as the percentage of ground cov-
ered by leaf litter and sandy substrate (Carrascal et al. 1989).
All vegetation cover percentages were visually estimated by
a single researcher (RB). We carried out a principal com-
ponent analysis (PCA) that included all the cover values.
We performed varimax normalised rotation of the factors
(Budaev 2010). In addition, we estimated the structural
diversity of the different types of vegetation by calculating
a Shannon—Weaver index. We analyzed the two principal

factors extracted from the PCA (see results), and the veg-
etation structural diversity with three mixed models that
included the plot as fixed effect and transect as random term.

Avian predator abundance

We estimated the abundance of birds that have been
described as predators of P. algirus (Pica pica, Falco tin-
nunculus, Buteo buteo, and Hieraaetus pennatus) (Salvador
2015) by performing 13 censuses in each of the two sam-
pling plots between the end of April and the beginning of
July. Time expended per census and time of day when they
were performed were randomised between the two plots.
We summed the total number of aerial predators visually
identified in every census in a belt of 100 m wide (50 m at
every side of a progressing line). We calculated the kilomet-
ric abundance index (KAI) to standardise this metric because
the length of the different sampling transects was variable
(mean 340 m, range 112-840 m) (e.g., Paz et al. 2013). Dif-
ferences in KAI were tested using Mann—Whitney U test
based on the non-normal distribution of the data (visually
evaluated with a histogram).

Experimental design

We captured 120 adult males, which were recognised by
their coloration, proportionally bigger heads, and enlarged
femoral pores. To minimise observer bias, blinded methods
were use when data were recorded and/or analysed. Thus,
males were randomly assigned to two treatments in each one
of the two plots (30 males per treatment and plot): (i) control
lizards, which were released in the same point where they
had been captured (either in the low-quality plot -CLQ-,
or in the high-quality plot -CHQ-), and (ii) translocated
lizards, which were translocated to a random point in the
opposite plot (i.e., release coordinate) and always at least
300 m from their capture point (translocated to high-quality
plot -THQ-, and translocated to low-quality plot -TLQ-)
(Fig. 1). This distance is above the average homing distance
of mid-sized lacertids (Strijbosch et al. 1983). In fact, all but
one lizard recaptured in 2018 moved between 3 and 131 m
from their release point (mean + SE=27.98 +4.15 m).
Therefore, our design ensured that the lizards did not move
back to their area of origin (Megia-Palma et al. 2022). The
sampling effort in 2018 was 23 days and took place between
24th of April and 2nd of July, which is a period of both
maximum gonadal development and expression of the col-
oration in the males of this species (Diaz et al. 1994). Liz-
ards were first recaptured in 2018, but we avoided recaptur-
ing lizards that had been captured less than 14 days before
(range = 14-43 days) because this may be a necessary time
to find changes in the coloration of lacertids (e.g., Megia-
Palma et al. 2018b). We calculated the distance travelled by
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Fig. 1 Male lizards were sampled in two plots that differed in their
habitat quality for lizards, due to the influence of distance to a road.
Upper pictures show general overviews of the two sampling plots.
During the first year, males were randomly assigned to treatments of
soft translocation. Lizards were resampled within the same and the
following breeding season. Four different experimental groups were
created: control lizards in low-quality plot (CLQ), translocated liz-
ards to high-quality plot (THQ), control lizards in high-quality plot
(CHQ), and translocated lizards to low-quality plot (TLQ)

the lizards between the release coordinate and the recapture
point as the Euclidean distance in metres between them,
which were geo-referred with a GPS device (eTrex, Garmin,
Olathe, KS, USA) (Barrientos and Megia-Palma, 2021). We
always transported the lizards to the lab in individual cotton
bags to collect all the data and were individually marked
using a toe-clipping technique with a maximum of three
clipped toes per lizard (maximum one per leg) (Langkilde
and Shine 2006; Perry et al. 2011). A clean and sharp nail
clipper was used. We checked that lizards stopped bleeding
quickly. Photographs of the lizards were also made to assist
in identification. During the next breeding season (2019), we
resampled the area to recapture the individuals of the experi-
ment. We performed a sampling effort in 2019 of 37 days in
the same calendar days as the previous year.

Quantification of ectoparasite and endoparasite
abundances

We quantified the abundance of parasites from every lizard

(sensu Rézsa et al. 2000) and at every capture. Mites of the
genus Ophionyssus (Acari: Macronyssidae) were counted
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using a magnifying glass (X 10) in the field immediately
after capture. This was done by checking the base of the tail,
the interscale spaces in the belly of the lizards, as well as the
tympani, and the mite pockets (Salvador et al. 1999; Bar-
rientos and Megia-Palma 2021; Megia-Palma et al. 2022).
In addition, we collected blood samples from the tail using
sterile needles (Megia-Palma et al. 2016a). We smeared the
blood samples (~5 pl) in microscope slides that were air-
dried, fixed with methanol, and stained with Giemsa stain
(azur-eosin methylene solution) and buffer at pH 7.2 (1:10,
v/v) for 40 min. A single person (RM-P) used a light micro-
scope (BX41TF; Olympus, Tokyo, Japan) to count blood
parasites in a total of 10,000 erythrocytes per smear. These
belonged to the genera Schellackia (Apicomplexa: Eimeri-
ida) and Karyolysus (Apicomplexa: Adeleida). Both counts
of ectoparasites and blood parasites were included in the
models as raw count data.

Body condition

We used a transparent ruler to measure body length from the
tip of the snout to the cloaca and tail length from the cloaca
to the tip of the tail to the closest 1 mm. We weighed the
lizards with a digital scale to the closest 0.01 g. We calcu-
lated body condition index as the residuals of the regression
between the log,-transformed values of both body mass and
length (Barrientos and Megia-Palma 2021). We included the
length of the tail as covariate because 61% of the lizards in
the population had regenerated tails and tail length was sig-
nificantly correlated with body mass even when the analysis
was controlled by body length (F; |;3=20.48, P <0.001).
Positive values of the body condition index calculated here
corresponded to lizards being fatter than the sample mean
for a given body length. This residual variable of body mass
is statistically independent of body length.

Quantification of colour reflectance

We analysed colour patches of the lizards in two ways: (i)
we scored the coloration of the males in six discrete groups
attending to the extension of the colour patches following
Diaz (1993); (ii) we used spectrophotometry to quantify the
spectral reflectance of the orange patch on the right com-
missure of the mouth, the yellow patch on the throat, and
the blue patch on the first and largest eyespot in the right
flank of the lizards. To maintain the mouth commissure
visible during the measurements, we offered one soft black
rubber cap to the lizards that they grabbed with the mouth.
We used a glass-fibre probe that was connected to a pulsed
xenon lamp source (spectrophotometer Jaz DPU® Module,
Ocean Optics Inc., Dunedin, FL, USA) and inserted in a
black holder that reduced noise from environmental light.
This facilitated measurements at a constant distance of 3 mm
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and 90° angle. Three consecutive measurements were taken
per colour patch using a continuous strobe frequency of
10 ms, and a boxcar width of 4 (Megia-Palma et al. 2018b).
We standardised the spectral measurements by comparing
them to a 100% reflecting white-matte Teflon tape. We cal-
culated the repeatability of the measurements by comparing
the between- and within-subjects mean of squares of the
three spectral measurements performed in each colour patch
(Lessells and Boag 1987). We averaged the three spectra of
each of the colour patches in wavelength bins of five nano-
metres using the CLR v1.1 software (Montgomerie 2009).
We calculated luminance, chroma, and hue of the three col-
our patches (see Online Resource, Annex I) and calculated
two values of spectral colour distance (SCD) (i.e., Endler
1990) as the Euclidean distance between the spectral vari-
ables of (i) the orange and yellow patches (hereafter ‘SCD_
pigment’), and (ii) the three colour patches including the
structural-based blue patch in the lateral eyespot (hereafter
‘SCD_all’) as follows:

SCD = \/ (Ahue)? + (Achroma)® + (Aluminance)®

Statistical analyses

Model averaging and z-standardisation of estimate
coefficients

We ran all subsequent statistical models in R version 3.4.3
(R Core Team 2017). We tested normality, homoscedastic-
ity, skewness, and kurtosis of the models on their residual
errors. We applied a multimodel inference approach (pack-
age ‘MuMIn’; Barton 2018), which is a method of variable
reduction recommended in ecology (Hegyi and Garam-
szegi 2011). In addition, we used an information criterion
corrected for small sample sizes (Bedrick and Tsai 1994).
We considered sufficiently informative all models with
AAICc <4 in relation to the best model (i.e., the one with the
lowest AICc) (Burnham and Anderson 2004). We checked
if a null model was included within the list of most likely
models under this criterium (it was never the case). Then,
we summed the AICc weights of all the models where the
predictor appeared (i.e., conditional average) to calculate the
relative importance of each variable in the averaged model.
Using this procedure, we also calculated the significance
(@< 0.05) of the effects and their z-standardised /3 coeffi-
cient +adjusted standard error. The latter z-standardisation
enables comparing the magnitude of the effects. For the non-
mixed linear models (see the next subsection), we provide
the adjusted R? score. For the mixed models, which test pre-
dictors on the within-individual change, we provide the R*m
(marginal) score of the final model extracted from model

averaging. The R> m depicts the proportion of the variance
explained by the fixed predictors.

Spectral colour distance as predictor of individual quality

We applied a generalised model with ordinal multinomial
distribution linked to a logit function to analyse the cate-
gorical variable of colour extension on the initial sample
of 120 lizards. We analysed whether SVL, body condition,
and SCD are significant predictors of the discrete groups of
colour patch extension. We analysed if body length, body
condition, and SCD are important traits that can explain the
distance travelled by the lizards between captures. We con-
trolled this analysis by adding the translocation treatment,
the plot, and the number of elapsed days between captures
(see Barrientos and Megia-Palma et al. 2021).

Within-year change in coloration

To investigate changes in the coloration within 2018, we
analysed separately SCD_all and SCD_pigment. We used
two-way within-subject mixed models of fixed slopes that
fit Gaussian distribution (LMM). After this, we analysed the
three spectral variables (luminance, chroma, and hue) for
each of the three colour patches separately to finely iden-
tify predictors that significantly explain colour patch change
during the breeding season (Online Resource, Annex II,
Table S1). All models included the individual and the indi-
vidual nested within treatment and within zone as random
terms. As fixed terms, we included treatment and zone and
their interaction, date of capture and recapture, SVL and
body condition, abundances of mites and blood parasites,
the two-way interactions between mites and Schellackia, and
mites and Karyolysus, and the two-way interactions between
body condition and (i) mites, (ii) Schellackia, and (iii) Kary-
olysus. We z-standardised all the variables of parasite counts
by subtracting their mean to the parasite scores and dividing
this by their standard deviation to increase the stability of
the models (R Core Team 2017).

Between-year change in coloration

To analyse the changes in coloration between consecutive
breeding seasons, we analysed in two ways the coloration
of the lizards that were recaptured in 2019 (i.e., only CLQ
and TLQ groups because only 5 lizards were recaptured in
the plot far from the road). We analysed the change in dis-
crete colour category with an ordinal multinomial mixed
model linked to a logit function using the function ‘clmm’
of the R package ordinal (Christensen 2019) (Annex II,
Table S2). Additionally, we analysed the between-years
variation in SCD between colour patches with two sepa-
rate mixed models for SCD_pigment and SCD_all and that
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fitted Gaussian distributions (LMM). We included in all
models the individual and the individual nested within
the treatment as random factors to control within-subject
effects (Cnaan et al. 1997). As fixed factor, we included
the treatment. We also included the body condition and the
abundances of mites, Schellackia, and Karyolysus, and the
two-way interactions between them. We z-standardised the
predictors to improve the stability of the model (R Core
Team 2017).

Between-years change in parasite abundances

To analyse the change in the abundance of the different
parasites between years in the CLQ and TLQ groups, we
performed generalised mixed models (GLMM) for Kary-
olysus and mites, which were best fit with binomial negative
distribution of residual errors and log link function (Pen-
nycuick 1971). However, the model performed to analyse
the change between years of Schellackia abundance best fit
a model with Gamma distribution of errors that was linked
to a log function, after the 2+ log,,-transformation of the
infection scores. The three models included the body con-
dition and the z-standardised values of date, treatment, and
the abundances of the other two parasites. They included the
individual nested within treatment as random effect (Annex
II, Table S3).

Results
Vegetation structure and predator abundance

The PCA reduced our original variables of vegetation cover
to two principal components that retained 72.56% of the var-
iance. PC1 (eigenvalue =2.82; variance retained =46.94%)
was positively related to bush and leaf litter covers, and
negatively related to sand cover (Table S4). PC2 (eigen-
value = 1.54; variance retained =25.62%) was positively
related to herbaceous and ground level vegetation (Table S4).
PC1(y% ,5=14.10, P<0.001) and PC2 (1, ;5=54.39,
P <0.001) differed significantly between sampling plots.
Close to the road, vegetation development was scarcer, as the
sand cover was greater while bush cover was smaller, while
far from the road both herb and ground vegetation covers
were greater (Table S5). In addition, the vegetation struc-
tural diversity (Shannon—Weaver) was lower close to the
road (¢%) 73=49.41, P<0.0001, Mean j,,_quaiity plor £ Stand-
ard Error=1.04 +0.02, Mean y;s, quality piot = 1-30 £ 0.01).
Aerial predators were more abundant close to the road (IKA,
mean + SE=2.30+0.56) than far from it IKA =0.83 +0.65)
(Z, 24=2.25, P=0.02).
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Parasitic infections at first capture

Mites infested 95% of the lizards in the initial sample of
120 males (abundance range = 0-64 mites). We found two
genera of blood parasites: Karyolysus that infected 80.0% of
the lizards (abundance range =0-133 blood parasites) and
Schellackia that infected 31.7% of the lizards (abundance
range =0-157 blood parasites) (;(21, ns=358.32, P<0.001;
Annex III, Fig. S1).

Initial coloration and spectral colour distance
as measures of individual quality

The within-individual repeatability of the spectral meas-
urements was above 94% in the three colour patches. The
coloration in the initial sample of 120 males was similar
in low-quality and high-quality sampling plots (SCD_all:
Fi 113=1.14, P=0.28; SCD_pigment: F; |;3=2.30,
P=0.13). Both SCD_all and SCD_pigment, as well as
body size and condition, were significant predictors of the
category of colour patch extension in the initial sample of
120 adult males (R*=0.24; Table 1). Namely, lizards with
the smallest colour patch extension (colour groups 1 and 2)
also had significantly higher SCD between colour patches
than the lizards ranked in groups 3 to 6 (Annex III, Fig. S2).
Lizards in groups 1-3 were smaller, while those in groups
1 and 2 had body condition below average (Fig. 2). Both
SCD_all (8=0.36, F| 3,=5.37, P=0.027; R?>=0.33) and
SCD_pigment (#=0.39, F| 3,=6.89, P=0.013; R*>=0.34)
significantly explained the distance travelled by the lizards
independently of the treatment applied, as lizards with more
elaborated coloration (i.e., lower SCD) tended to stay closer
to their release point.

Within-year change in coloration

Even though lizards were randomly assigned to the translo-
cation treatments, control lizards close to the road had signif-
icantly lower SCD initial scores (i.e., more coloration) than

Table 1 Ordinal multinomial model analysing the differences in body
length, body condition, and spectral colour distance (SCD, calculated
in two ways) in relation to the extension of male colour patches in the
initial sample of 120 males. Significant predictors are shown in bold

df Wald P
Intercept 5 106.48 0.000
Body length 1 42.63 0.000
Body condition 1 9.35 0.002
SCD_pigment (only 1 9.03 0.003

pigment-based patches)

SCD_all (including the 1 6.40
structural-based patch)

0.011
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the other three groups (SCD_all: F; ;,,=4.31, P=0.040;
SCD_pigment: F5 11,=4.79, P=0.030). Within the breed-
ing season of 2018, we were able to recapture 40 males
(11 CHQ+9 THQ; and 9 CLQ+ 11 TLQ). The two-way 1.0 = control
. . . . ontro
within-subject mixed model for both SCD_all and SCD_ =3 Translocated
pigment consistently showed a significant effect of the g
interaction of the treatment with the plot (treatment*plot: an 05 TLQn=11
SCD_all: z; 3=2.42, P=0.016, R’m=0.12; SCD_pigment: E_I THQ; n=9
2y, 36= 2.14, P=0.032, R>m=0.1 1), with no significant effect 8 00
of other predictors (Annex II, Table S1). That is, no effect of 2 ' CLQ n=9
the treatment was observed on the coloration between CLQ © =
and THQ lizards. However, we found a differential effect %’ 05 CHQ; n =11
of the translocation treatment on the coloration between S
CHQ and TLQ lizards. Here, lizards from the TLQ group
increased SCD — i.e., their coloration became duller at 1.0
recapture — while lizards from the CHQ group intensified Low quality High quality
their coloration. This effect on the coloration was observed Sampling plot

only in the lizards from the TLQ group (Fig. 3).
Between-years change in body condition

The change in body condition between years was not
explained by the effect of the translocation (z; ;o=0.44,
P =0.66). Only the change in mite abundance had a mar-
ginally non-significant negative effect (importance=0.59,
estimate = —0.009, z=1.81, P=0.070; Table S6 in Annex
II, Online Resource).

Fig. 3 Within-year changes in nuptial coloration (z-standardised). For
simplicity, the graph only shows the interaction effect between sam-
pling plot and translocation treatment on SCD_pigment, but the treat-
ment had similar significant effect also on SCD_all (see Table S1).
Note that the lizards translocated to the low-quality plot (TLQ group)
exhibited reduced coloration within the breeding season of 2018 (i.e.,
tended to increase SCD) as compared to CHQ lizards. The grey dot-
ted line indicates null change. SCD spectral colour distance, CLQ
control lizards in low-quality plot, THQ translocated lizards to high-
quality plot, CHQ control lizards in high-quality plot, TLQ translo-
cated lizards to low-quality plot

@ Springer
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Between-year change in coloration

We were able to recapture 17 lizards in the low-quality plot
close to the road the second breeding season: eight CLQ
and nine TLQ lizards. We removed from the analyses the
five lizards we captured in the high-quality plot far from the
road due to low sample size. Both SCD_all (R’m=0.60)
and SCD_pigment (R*m=0.67) models consistently showed
that the interaction effect between the changes in the abun-
dances of Karyolysus and Schellackia on the coloration was
significant (Table 2). The interaction plots representing
the change in the abundance of infection by the two blood
parasites in relation to the change in SCD showed that the
capability of the lizards to produce a complex coloration
was putatively constrained by the between-years increase
in the intensity of infection by Schellackia because those
lizards that reduced the number of this parasite produced
more complex coloration the following spring (dark red area
in Fig. 4a, b). Similar results were obtained for the interac-
tion between mites and Karyolysus (Table 2; Fig. 4c, d);
that is, lizards reducing the number of mites between years
produced more complex coloration in 2019. In opposition,
lizards with both increased number of mites and Schel-
lackia produced a duller coloration, although the hematic
parasite showed a stronger effect (Fig. 4¢). Interestingly,
the interaction plots showed a positive relationship between
the change in coloration and the abundance of Karyolysus.
These models also showed a consistent effect of the change
in body condition on the nuptial coloration of the male liz-
ards in 2019 (Table 2; Fig. 4f). This relationship was also
supported by the significant increase in both (i) the pigmen-
tary component of the coloration (decreasing SCD_pigment)
(Table 2; Fig. 5a) and (ii) and the abundance of infection by
Karyolysus (z; ;;=2.27, P=0.023) in 2019 in lizards from

Table 2 Between-year changes in the spectral colour distance (SCD)
between colour patches of lizard coloration as indicated by model
averaging. The adjusted standard error (Adj SE) is also shown. In

the TLQ group as compared to those from the CLQ group
(Fig. 5b; Annex II, Table S3).

Discussion

Only TLQ lizards reduced their coloration during the first
season, despite the negative effect of translocation on the
body condition of both TLQ and THQ lizards (Barrientos
and Megia-Palma 2021). The lack of significant effect on
the colour patches of THQ lizards suggests that the more
favourable environmental conditions far from the road may
have cushioned the negative effects of translocation on the
coloration of the lizards. Colour patch pigmentation in P.
algirus can rapidly reflect metabolic traumas (e.g., immune
challenge; Llanos-Garrido et al. 2017). Our results suggest
that translocation of lizards to poor-quality habitats may also
negatively impact the pigmentation of their colour patches.
This is consistent with the idea that although some good-
quality habitat patches can remain within the low-quality
plot, our experiment did capture the overall effect of the
worse environmental conditions for P. algirus close to the
road. These results are not however reflecting direct effects
of the road on the lizards but likely road-zone effects instead.
Roads may increase human activity in nearby habitats, which
can increase the negative impact on resident populations
(Van der Ree et al. 2015; Whittington et al. 2019). In this
sense, previous investigations demonstrated that small liz-
ards avoid crossing roads (Tellerfa et al. 2011; Hibbitts et al.
2017), suggesting that they perceive roads as sources of dan-
ger. Moreover, the lizards’ perception of a greater predation
risk in the presence of sparse vegetation or close to roads
may alter their behaviour and have negative physiological
impacts on them (Pérez-Tris et al. 2004; Amo et al. 2007;

these analyses, treatment includes only TLQ (translocated lizards to
low-quality plot) and CLQ (control lizards in low-quality plot) experi-
mental groups. Significant predictors are shown in bold

SCD_all SCD_pigment

Importance  Estimate AdjSE  z Pr(>lzl)  Importance Estimate AdjSE z Pr(>lzl)
(Intercept) 26649  2509.8 1.06 0.288 2188.43 63990 3.42 0.001
Date 0.38 —266.2 1433 1.86 0.063 0.00 —116.63 119.86 097 0.331
Body length 0.28 61.9 36.0 1.72 0.085 0.00 9.75 3042 032 0.748
Body condition 1.00 —18,315.0 41669 4.40 <0.001 1.00 —16,764.80 5337.64 3.14 0.002
Mites 0.71 —2334 203.1  1.15 0.250 0.80 —258.70 164.65 157 0.116
Karyolysus 1.00 462.4 176.6  2.62 0.009 1.00 365.95 139.81 2.62 0.009
Schellackia 1.00 2154.9 600.6 3.59 <0.001 1.00 1844.58 534.60 345 0.001
Mites:Karyolysus 0.66 —668.7 2300 291 0.004 1.00 —635.10 191.01 3.32 0.001
Mites:Schellackia 0.25 15222 7873 193 0.053 0.27 1111.91 684.05 1.63 0.104
Karyolysus:Schellackia  1.00 3003.3 7958 3.77 <0.001 1.00 2316.48 674.69 3.43 0.001
Treatment 0.06 —135.8 139.5 097 0.331 0.54 —-239.59 104.24 230 0.022

@ Springer
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Fig.4 a—e Double interactions
showing the relationship of the a
change in the different parasite
abundances (number of para-
sites) and the within-individual |
change in the nuptial colora-
tion (NC) of male P. algirus
between years as indicated by
model averaging. SCD spectral
Euclidean distance between
colour patches. f Relationship
between the changes in body
condition and SCD. Warmer
colours indicate more developed
coloration
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Kechnebbou et al. 2019). In further support of the negative
impact of this road on the studied population of lizards, a
previous survey of faecal glucocorticoid metabolites indi-
cated a lower metabolic activity and possibly worse physi-
ological capacity to respond to stress stimuli in the lizards
captured close to the road (Megia-Palma et al. 2022; see also
Owen et al. 2014).

The initial pigmentation (mean + SE SCD) of the colour
patches of the lizards in the CLQ group was greater than in
the remaining groups. However, the change in coloration
during the breeding season did not differ from that observed
in the THQ group, which came from the same plot, sug-
gesting that the initial differences do not undermine our
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Between-years change in body condition

findings. Indeed, the significant differences in coloration
change within the first year of the experiment were found
between the CHQ and the TLQ. Furthermore, the signifi-
cant effects of the changes in the abundances of the different
parasites studied on the production of the colour patches in
2019 in the lizards recaptured close to the road were statisti-
cally independent from the effects of the experimental group
assigned during 2018, reinforcing the idea that initial differ-
ences in coloration did not affect our results.

Analysis of the luminance, chroma, and hue of the three
colour patches within 2018 season revealed that the detected
changes were mainly explained by the effect of the experi-
ment on the chroma of both yellow and blue patches, as
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Fig.5 Mean+ SE changes between years in coloration and parasitisa-
tion of P. algirus as analysed by GLMM. a Male coloration signifi-
cantly increased (mean=+SE SCD decreased) in 2019 in lizards that
had been translocated to the low-quality plot in 2018 (TLQ group) as
compared with controls in that plot (CLQ group). b Parasites of the
genus Karyolysus significantly increased in 2019 in the same lizards.
However, no effect of the treatment (including here only CLQ and
TLQ groups due to sample size) was detected for the parasitaemia of
Schellackia (z=0.013, P=0.99), or mites (z=0.008, P=0.99). The
grey dotted line in b indicates null change

well as on the hue of the latter patch. This suggests that the
allocation of carotenoids and melanin to yellow and blue
patches, respectively, may plastically vary for needs other
than signalling during the breeding season (e.g., Brawner
et al. 2000). Furthermore, the observed changes in the reflec-
tance properties of the blue coloration support previous find-
ings suggesting that this patch can reflect stress levels in
this species (Mészaros et al. 2019). Contrarily to the yellow
and blue patches, no significant effect of the treatment on
the orange patch was detected. However, the within-year
change of its spectral variables (luminance, chroma, and
hue) was explained by date. This suggests that the putative
allocation of pterins to the orange patch decreased during the
breeding season because the luminance of this colour patch

@ Springer

increased (estimate = + 162.81), its chroma decreased (esti-
mate = —4.52), and its hue decreased (estimate= —4.51)
with date (Annex II, Table S7) (Megia-Palma et al. 2021).
This further supports the concept that pigment allocation to
colour patches of P. algirus is seasonal (Diaz et al. 1994,
Carretero 2002) and likely influenced by hormones (Salva-
dor et al. 1996).

Our analyses indicated that those males with higher
development of colour patches were recaptured closer to
the release point even if they had been translocated. This
suggested that SCD correlated with reproductive invest-
ment and/or male competition ability (territoriality) in this
population. Interestingly, during the second breeding sea-
son, lizards from TLQ group significantly increased their
pigmentation and the infection by Karyolysus as compared
to lizards from the CLQ group (Fig. 5), suggesting that the
higher allocation of pigment to colour patches was asso-
ciated with increased susceptibility to some parasites in
line with a handicapping mechanism (Salvador et al. 1996;
Megia-Palma et al. 2016b, 2021). Nonetheless, future exper-
imental manipulation of the reproductive effort and/or the
parasite load of the lizards is needed to fully discriminate
their effects on coloration (e.g., Megia-Palma et al. 2018b).
The abundances of mites and Schellackia did not change
significantly between consecutive breeding seasons either
in CLQ or TLQ lizards, suggesting that mites and Schel-
lackia represent virulent infections in this population that
need to remain under immunological control between years
to maximise the reproductive effort in males of P. algirus in
terms of colour patch production.

The variance explained by the model that analysed the
between-year changes in the spectral properties of the nup-
tial coloration more than doubled the one explained by the
model that analysed within-year changes. This supports the
idea that the production of the nuptial coloration in P. algirus
is strongly influenced by life trajectories in previous seasons.
The significant interactions of the different parasites on the
production of male coloration in P. algirus (CLQ and TLQ;
Fig. 4) indicated a significant effect of the change in para-
site abundances on the expression of colour patches. That
is, lizards suffering a simultaneous increase of the infec-
tions by mites and Schellackia produced duller coloration
(i.e., increased SCD =light blue in Fig. 4¢), supporting the
idea that pigment allocation to coloration of male P. algirus
is offset by other functions in the face of mite—Schellackia
coinfections. Similarly, lizards that increased their body con-
dition between years produced a more elaborated coloration.
This was congruent with the initial data of 120 males where
lizards with higher development of the nuptial coloration
had higher body condition than the average of the sample
(Fig. 2) and it evidences that those male lizards that stored
more reserves during past years can increase allocation of
pigments to production of colour patches. Interestingly, the
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latter relationship only occurred in lizards where intensities
of infection by one of the parasites were controlled (dark red
in Fig. 4); lizards that simultaneously reduced the intensities
of two of the parasites suffered a reduction of their pigmen-
tation (light blue in Fig. 4a—c). This outcome suggested that
colour production was only constrained when fighting off
more than one infection. However, the production of nuptial
coloration was not constrained in lizards with better body
condition that fought off only one of the infections.

Our results support that habitat quality can compensate
costs on coloration of lizards suffering from stress situa-
tions, such as translocation to a new environment and sudden
loss of body condition. Male coloration reflected trade-offs
between body condition and parasite infection. However,
some parasites may escape immune defences and increase
their number when hosts allocate pigments to colour patches
(Megia-Palma et al. 2021). The rather complex relationships
found between different parasites, body condition, and color-
ation suggested that parasitic infections can pose differential
effects on the production of the colour patches of P. algirus.
These differential effects suggested that the parasites differ
in virulence in this host population.

Further implications and future directions

In a wider view, the taxon P. algirus is integrated by two
mitochondrial lineages with a geographically well-struc-
tured distribution in the Iberian Peninsula (Carranza et al.
2006, 2010). One key phenotypic difference between males
of these two lineages is the extension of the sexual colora-
tion, which is smaller (and putatively with a lower invest-
ment of pigments) in the eastern clade (Carretero 2002;
Moreno-Rueda et al. 2021). The reasons for this difference
are unclear, but in line with ours and previous results, a com-
bination of environmental and intrinsic factors can influence
the expression of male sexual coloration of P. algirus (e.g.,
Salvador et al. 1996; Llanos-Garrido et al. 2017; Moreno-
Rueda et al. 2021). In this sense, a recent correlational
analysis of loci under selection across a climatic gradient
supported that environmental factors can accurately predict
the distributional range of this species (Llanos-Garrido et al.
2021). Parasites can also exert selective pressure in host pop-
ulations as well as mediate sexual selection (Clayton 1991;
Zuk 1992; Maan and Seehausen 2011). However, the sus-
ceptibility of the two lineages of P. algirus to environmental
stress and parasitic infections, and the effect that parasites
have on them, remains poorly explored (e.g., Megia-Palma
et al. 2022). Environmental factors exert genetic selection
on lizards and likely on their phenotypic expression. For
example, our study shows a negative effect of a road on the
nearby habitat and its influence on the expression of the
sexual coloration in lizards that suffered an additional stress
stimulus (translocation). Moreover, recent research showed

that epistatic interactions between pteridine and carotenoid
regulatory genes influence colour patch expression in lac-
ertids (Aguilar et al. 2022). Therefore, as phenotypic traits
result from the interaction between genotype and environ-
ment, whether the differential expression of male sexual
coloration between the two lineages of P. algirus is influ-
enced by the environment guarantees further investigation.
In this sense, the eastern and western geologic facets of the
Iberian Peninsula offer an interesting ecological scenario to
investigate how differences in primary productivity, carot-
enoid availability, and parasitic pressure can influence the
expression of colour patches in this and other species. For
example, variation in pteridine/carotenoid balance in the col-
our patches of agamid lizards from Australia was explained
by the environmental availability of carotenoids across a
climatic gradient (Stuart-Fox et al. 2021). Although this
resulted in an effective production of the colour badge in
the lizards, the differences in pigment balance across sites
did not necessarily result in the expression of colour patches
with the same hue (Stuart-Fox et al. 2021). Similarly, endog-
enous synthesis of pteridine pigments can compensate the
otherwise reduced expression of carotenoid-based colour
patches in fish due to an environmental shortage in the lat-
ter pigments (Grether et al. 2005). Phenotypic expression
of sexual coloration in lizards may be constrained by food
availability and immune challenges (Cote et al. 2010). We
argue that parasitic infections represent immune challenges
for lizards and some of which may increase under climate
warming (e.g., Jones et al. 2016; Megia-Palma et al. 2020).
Therefore, we posit pigments deposited in colour patches of
lizards as candidate biomarkers of environmental quality.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-022-03182-w.
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